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Reporting Period: 10/01/03-09/30/04
Research Objective:
The objective of the French CEA, US-DOE INERI project is to perform a lab scale demonstration of the sulfur iodine (S-I) water splitting cycle, and assess the potential of this cycle for application to nuclear hydrogen production. The project will design, construct and test the three major component reaction sections that make up the S-I cycle. The CEA will design and test the prime (Bunsen) reaction section. General Atomics will develop and test the HI decomposition section, and SNL will develop and test the H 2 SO 4 decomposition section. Activities for this period included initial program coordination and information exchange, the development of models and analyses that will support the design of the component sections, and preliminary designs for the component reaction sections. The sections are being designed to facilitate integration into a closed loop demonstration in a later stage of the program.
Research Progress:
Task 1 --Thermodynamic data for HI/I 2 /H 2 O system (CEA). Preliminary data are in accordance with available data from the literature. Diagnostics for advanced results have been selected.
Task 2 -Bunsen (Prime) reaction section (CEA). The experimental studies on the Bunsen section of the SI cycle are ongoing. A laboratory scale Bunsen reactor has been mostly assembled and tested. The reactor counter-current column loop project was completed .
Task 3 -HI decomposition section (GA). Installation of the pressure vessel for reactive distillation containment was completed. A simplified pressure control system for the experimental apparatus was designed. The potential use of electro-electro-dialysis to concentrate HI prior to reactive distillation was examined. The 4 th Quarter Milestone report, "Design for the Laboratory Scale HI Decomposition Section of the S-I Cycle" was completed.
vii Task 4 -Sulfuric Acid Section (SNL). This year's activities were focused on building and testing the boiling and decomposition sections. The initial boiler and decomposer sections were completed and approved for running sulfuric acid at ambient pressure. Shakedown tests with water are proceeding to test the diagnostic instrumentation and check for leaks. The 4 th Quarter Milestone report, "Design of the Sulfuric Acid Vaporization and Decomposition Section for Laboratory Demonstration of the Sulfur-Iodine Thermochemical Cycle" was completed.
Task 5 -Flowsheet analysis (GA and CEA). The CEA reactive distillation flowsheet has been selected by SNL, CEA and GA as the baseline design for Section III, HI decomposition. The Öztürk version of the flowsheet for Section II (sulfuric acid decomposition), was selected because of the greater efficiency obtained by using direct contact heat exchange.
Planned Activities:
A project coordination meeting for the CEA/GA/Sandia team is now planned for November in the United States.
Task 1: Study of the HI/H20/I2 VLE :
Additional data on the vapor-liquid equilibrium of the system HI/I 2 /H 2 O are needed to properly design the HI decomposition section. Only total pressure vapor-liquid-equilibrium measurements were performed previously. Partial pressures of these components are necessary to develop an adequate understanding of this system. These measurements are difficult; therefore the program has been divided into three steps: (1) measurement of the total pressure, up to 50 bar and 300°C using a micro pressure vessel made of tantalum, (2) measurement of the partial pressures at ambient total pressure, by means of optical spectroscopy (IR and UV-visible), and (3) measurement of the partial pressures up to 50 bar.
Step I1: Measurement of the total equilibrium pressure A micro-autoclave made of tantalum has been designed to work in the ranges 1-100 bars and 100-300°C (Figure 1.1 ). It is being built and will be set up in the laboratory during the 4th quarter of 2004. Step I3: Measurement of the partial equilibrium pressures of HI, I 2 
and H 2 O at high total pressures (up to 50 bars) and temperatures (up to 300°C)
The work has focused on defining the convenient analytical diagnostics that can be of two types: -Optical methods: FTIR spectrometry, which, according to theoretical calculations, may be appropriate in a narrow spectral range to measure HI absorption.
-Spontaneous Raman Spectroscopy, which is promising for a concentrated vapor, because it is non resonant. An experimental set up is under construction for the qualification of this technique; it will use an argon ion laser to excite the vapor outside the absorption band of iodine.
Task 2: Study of the Bunsen Reaction :
The Bunsen reaction, where SO 2 and I 2 are added to water to produce H 2 SO 4 and HI, operates with excess water and also with excess iodine to allow separation of the H 2 SO 4 and HI. The amount of water is important, since it has to be removed and recycled to the Bunsen reactor before the decomposition steps, which are energy intensive operations. Therefore approaches must be investigated that reduce the amount of recycle water.
Preliminary studies performed in a basic electrochemical cell (body made of pyrex with a double jacketed device) allowed the finalization of the analytical methods intended to determine total amounts of iodine (by UV-visible measurements at 226 nm after reduction of all ioded species into iodide by hydroxylamine), sulfur (by Inductively Coupled Plasma -Atomic Emission Spectroscopy) and H+ (by potentiometric titration) present in each liquid phase formed during Bunsen reaction (i.e. HIx and H 2 SO 2 (aq)) ( Figure 2 .1).
Figure 2.1. Calibration curves of iodine and sulfur titration
A jacketed reaction glass vessel will allow studying the equilibrium conditions of the two phases at atmospheric pressure and around 100°C, in order to minimize H 2 O and I 2 amounts. The two phases will be produced from HI+I 2 +H 2 SO 2 +H 2 O mixtures. 
Sulphur concentration (ppb)
A device allowing the study of the thermodynamics and kinetics of the Bunsen reaction and of the side reactions responsible for S and H 2 S formation is shown in Figure 1 .2. Bunsen reaction will be achieved from the initial reactants of the reaction (H 2 O, I 2 , SO 2 ), under pressure (up to 10 bars SO 2 ) and between 100 and 150°C. The device is metallic, corrosion-resistant equipment, and will be set up in the laboratory during the 1st quarter of 2005.
Figure 2.2. Schematic drawing of the Bunsen test reactor B2

Current Status
Current work is continuing to assemble and test the Bunsen reactor. Completion of this work should be completed in the first quarter of 2005.
Task 3: HI Decomposition Section
Summary of GA Work for Fiscal Year 2004
The S-I cycle consists of three sections integrated to produce hydrogen from water in a multistep process. In Section I, the Bunsen reaction, sulfur dioxide (SO 2 ) and iodine (I 2 ) are reacted with water to produce sulfuric acid and hydriodic acid (HI). CEA has taken responsibility to demonstrate the Bunsen reaction in a stand-alone experiment. SNL is working with Section II, where the sulfuric acid is decomposed to regenerate SO 2 . GA's role has been to demonstrate Section III, the decomposition of HI to hydrogen and iodine, on a laboratory scale.
There are two alternative designs for the HI decomposition section. The first method, agreed as the baseline, involves the simultaneous concentration and decomposition of HI in a reactive distillation column. The second method for HI concentration and decomposition utilizes H 3 PO 4 to first remove the I 2 from the HI x stream (80:10:10 wt % for I 2 :HI:H 2 O), and subsequently distills pure HI prior to decomposition. This process is referred to as extractive distillation, and is being developed as a backup process to the reactive distillation. This process was originally developed at GA in the late 1970s and early 1980s. While the principle components of the extractive distillation process were demonstrated previously (1), a continuous flow laboratory demonstration has not been previously shown.
Based on an established flowsheet (2) an abbreviated flowsheet for the experimental demonstration of the Section III phosphoric acid extraction of HI x and HI decomposition is being developed per in the NHI FY04 Work Package entitled "Sulfur-Iodine Thermochemical Process Development".
The flowsheet for the extractive distillation was developed at GA in 1979 (3) . For the laboratory demonstration, an abbreviated flowsheet was developed using AspenPlus which includes the major components. Based on the flowsheet results, an experimental apparatus was designed.
The design of the experimental apparatus for the laboratory demonstration of the extractive distillation is essentially complete. The project is in the process of ordering materials and preparing facilities for the equipment installation. The system has been designed to demonstrate:
1. 100 l/hr H 2 production 2.
HI-water extraction using H 3 PO 4 .
3.
HI distillation using H 3 PO 4 .
Gas phase decomposition has been selected for the current glass-system demonstration, utilizing a membrane separator for the product recovery due to pressure limits. Should extractive distillation be selected for the metal-system demonstration, liquid phase decomposition will be used, as the metal system will be operated at the nominal pressures and temperatures proposed for a production plant.
Further details regarding this portion of the project are found in GA Report, "Preliminary Design Report for Extractive Distillation (H 3 PO 4 ) Of HI," (GA report number to be assigned.)
Hydrobromic acid was also investigated as an alternative solvent to the phosphoric acid. The cost for a grass roots facility using hydrobromic acid extraction is estimated at 1,574 $MM (2002). This cost is substantially higher than the cost for a comparable Phosphoric acid facility. This is due mostly to the high cost of the high pressure distillation of the low pressure HBr/H 2 O azeotrope at 200 atmospheres. The high density lowers the allowable velocity of the vapor in the columns resulting in a large number of columns. This results in Section III of the process accounting for about 65 % of the grass roots facility. The high cost of this option does not warrant active consideration at this time.
The reactive distillation system is also designed to produce 100 liters per hour of hydrogen. In reactive dist-illation, the separation of HI from I 2 is combined with HI decomposition in one step. Roth and Knoche (4) proposed a reactive distillation flowsheet that was adopted by GA as the baseline process for Section III of the S-I cycle. This year, the baseline was updated to an alternative flowsheet developed at CEA. This flowsheet reduced the amount of HI that must be recycled back to the Bunsen reactor from Section III.
The reactive distillation of HI has not been experimentally demonstrated before. The following factors were considered for the design of the reactive distillation apparatus at GA:
• The distillation column is constructed from glass, as the HI x solution is highly corrosive.
• The pressure (40 bar) required to distill HI requires that the glass column be placed in a pressurized environment This external pressure allows the glass column to operate without large pressure gradients across the glass walls of the apparatus. • The distillation column must be insulated to ensure adiabatic operation.
Current Status
Pressure Vessel Installation
The reactive distillation column can be enclosed by an internally insulated pressure vessel in order to maintain a pressure blanket around the glass column, and to ensure adiabatic conditions for the distillation.
To meet these requirements, it was decided to use a series of flanged pipe tee-sections to construct the vessel. This way, the vessel could easily be assembled and disassembled using the hoist in the laboratory. The support base for the vessel is bolted to the floor, and the vessel is built up piece-by-piece. The support is designed to comply with seismic requirements in the state of California. A schematic of the vessel is shown in Figure 3 The tee-sections each have a sight glass port on the reduced tee flange. These quartz ports will allow for viewing of critical sections of the glass column during operation. In addition, feedthroughs for process streams and wiring for instrumentation are incorporated into the flanges. This allows for process control of the experiments, and for fluid interchange with the other experimental devices that will be used to demonstrate the Bunsen reaction and sulfuric acid decomposition. This integrated experimental work is not yet underway, but the equipment for the stand-alone HI reactive distillation experiments is being designed and built to facilitate the integration with minimal modification.
Each tee-section weighs approximately 1000 pounds. The reduced tee flanges weigh 100 pounds and the top cap flange weighs approximately 300 pounds. To assemble the vessel safely, a 2000pound hoist was installed in the lab. The hoist can be moved in an X-Y pattern throughout much of the laboratory space. The effective area in the laboratory where the hoist is capable of lifting objects is shown in Figure 3 As with the design of the HI decomposition pressure vessel, the laboratory layout and hoist capability were designed with future integrated experiments in mind. The hoist capacity and laboratory space are sufficient to integrate the devices for the Bunsen reaction and sulfuric acid decomposition experiments if GA were chosen as the site for that phase of the project.
An enclosure has been built around the pressure vessel. This enclosure will be constantly ventilated during operation through a caustic scrubber to ensure that any fumes from the vessel are not vented to the laboratory.
Simplified Pressure Control System
Previous work has described the concept of a Bourdon tube pressure control system. In this control scheme, the Bourdon tube deflects as the glass column pressure rises. This deflection is detected by a reflected laser beam. The deflection is then correlated to a pressure change. This method of pressure measurement was proposed to overcome the issue of standard pressure measurement devices having wetted parts unable to withstand the corrosive nature of the HI/I 2 /H 2 O (HI x ) stream. However, in practice, the Bourdon tube method was not feasible for this application. Experimental work to examine this method showed that the laser was incapable of providing a discrete signal after transmission and reflection through the sight glass on the pressure vessel.
A solution was found by using a diaphragm seal between the process fluid and a standard offthe-shelf pressure transducer. All wetted parts on the diaphragm seal are fabricated from tantalum, which has good corrosion resistance to HI x streams. In this way, the pressure in the glass column is measured directly, as is the nitrogen pressure outside the glass and contained by the pressure vessel. The digital control system simply measures the difference between the two transducers and uses the error signal to adjust the nitrogen pressure to match the glass column pressure. This direct measurement of the glass column pressure simplifies the control scheme, as no in-house correlation of Bourdon tube deflection to pressure change must be developed. Commercial, off-the-shelf components and methods can be used, increasing the reliability and robustness of the pressure control system.
Application of Electro-electrodialysis to concentrate HI prior to Reactive Distillation
Electro-electrodialysis (EED) has been proposed as a possible method for breaking the HI/H 2 O azeotrope prior to distillation of the HI. A graduate student at the University of California, San Diego has undertaken a study of EED for this application as part of an internship with GA.
EED consists of a two-compartment electrochemical cell separated by a membrane with both an anode and cathode feed. The products from the Bunsen reaction are fed into both the anode and cathode compartments where an induced current or voltage causes protonic and iodic mass transfer. The protons, electrochemically dissociated from HI, migrate from anode to cathode to recombine with iodine ions to form HI. Iodine ions migrate from cathode to anode and are recombined on the anode side. In addition, water transfers from anode to cathode by the electroosmosis process. Thus, HI is concentrated in the cathode side and is then fed to the distillation column. Parameters affecting the mass transfer across the membrane are feed flow rate and current. The concentrated HI stream requires less energy to separate in the distillation column. A balance must be struck between the energy requirements of the EED cell and the resultant energy savings in the distillation process. An EED cell model was coupled with an Aspen Plus simulation for the HI reactive distillation process. Analysis suggested that the EED process could have a net energy savings for the S-I process. However, uncertainties in the models also would require that detailed experimental work be done to verify the viability of an EED cell with the chemistry involved. In addition, the technology has not yet evolved to the point that cost calculations can be done easily. Economics of the S-I process with EED incorporated are uncertain. It is recommended that an S-I process with EED incorporated would not be considered before more fundamental work in these areas is completed.
Planned Next Quarter Activities
Final assembly of the experimental apparatus will be completed. Experimental runs to verify the viability of the reactive distillation process will be conducted and a final report on the results will be issued.
Technical Status
The first year focus of this task was to study the full-scale system and develop a preliminary design for a sulfuric acid vaporizer and decomposer. The first year activities included a survey of materials issues, evaluation of design alternatives, and development of a preliminary design. Based on this analysis, in the second year the system was fabricated and initial testing commenced. All parts of the apparatus were tested with water instead of acid. This was a safety measure to test for leaks that were found and are being corrected before the acid tests will start. The ambient pressure acid tests should start very early in the third year. These tests are to be completed by the middle of the third year. In the third year the high pressure apparatus is to be constructed, tested, and prepared for integration with the other two sections by the end of the third year.
Design Options
There are several processing strategies for sulfuric acid decomposition, but two have emerged as the most promising contenders. The baseline approach developed by General Atomics Technologies (1985) , utilizes vacuum distillation as the final step in concentrating the sulfuric acid solution. An alternate approach utilizes instead a direct contact heat exchanger and is believed to be more efficient. In both cases, an aqueous solution of sulfuric acid is concentrated, vaporized, superheated, and then catalytically decomposed. Data and operational experience are needed for these steps, since they are not part of the conventional operation of a commercial sulfuric acid plant, and some basic data in the S-I temperature and pressure regime are unavailable. Therefore, the laboratory-scale experiments are designed as a test bed to provide the needed thermodynamic, reaction-kinetic, and corrosion data regardless of which approach is used in a pilot plant and subsequently in an actual plant.
Sulfuric Acid Decomposition Regimes
As given in Table 4 .1, sulfuric acid decomposition is accomplished in several stages. Initial stages concentrate the acid, successive stages boil, superheat and decompose the acid. The basic stages are: These stages require different materials and process components. The requirements for each of these stages are derived from flowsheet analysis which is described in the next section.
Requirements Development Interface Requirements
The material interfaces between the sections are defined in terms of pressure, temperature, phase, and molar flow rate of the various constituents at each interface point. The molar flow rates are given in Table 4 .2 for the key component at each interface, and the flow rates of the other components are shown relative to the key component. Ranges given for the key component correspond to hydrogen production rates from 50 to 150 liters/hour, with 100 liters/hour designated as the nominal production rate. Ranges given for the other component relative flow rates, pressures, and temperatures are provided in order to permit design flexibility to the teams developing the component sections. More detail on the continued refinement of the system flowsheet and further development of the system interfaces is found in the reports related to Task 5 of this project. 
Laboratory-Scale Design Requirements
The design requirements that have been developed for the sulfuric acid vaporization and decomposition section are summarized in Table 4 .3 below. Note that in Table 4 .3 both Interface Requirements and Design Requirements are presented. The interface requirements are those derived with the current INERI project team with the goal of supporting a future integrated demonstration as described in the previous section. The design requirements encompass the interface requirements, and in some cases go beyond them for reasons described under Basis. The design requirements also include attributes not specified in the Interface Requirements, but supporting overall project goals. These design requirements are used to guide the detailed design activities that are presented in the sections that follow. 
Lab-scale Design
A design for a sulfuric acid unit that concentrates, boils, superheats, and then decomposes the acid has been developed based on the design requirements. Because of uncertainty in both materials and systems performance, the system has been designed for quick fabrication and an early testing program. The design is highly modular and allows for replacing individual heating, condensing, and reacting unit operations without disrupting other units. Thus this modular labscale sulfuric acid processing section can readily incorporate new configurations and equipment.
The apparatus is designed to decompose acid and thereby produce 4.1 moles/hour of both sulfur dioxide and water. This corresponds to the amount needed to produce 100 liters/hour of hydrogen at 298 K and 1 atmosphere of pressure. The acid solution is to be received from the Bunsen Reactor, and this section is to return to the Bunsen reactor the reaction products of sulfur dioxide and water. The water received from the Bunsen reactor is also to be returned. Oxygen resulting from acid decomposition is to be separated and exhausted from the return stream.
The parameter space of operation is to be determined to meet the sulfur dioxide and water specifications within given variations in the sulfuric acid solution input and apparatus operating parameters. The primary parameters are the range of input acid concentrations and flow rate, the heat input, the catalyst activity and poisoning, the temperature, and the pressure.
The apparatus is to be constructed of materials that could potentially be used in a pilot plant. Therefore, fragile glassware or ceramics, or materials that cannot resist repeated heat-up and cool-down maintenance cycles are unacceptable. In addition, the materials must be corrosion resistant enough to be structurally robust for the test-bed phase.
Apparatus Design
The major considerations in designing a lab-scale apparatus are flexibility in accommodating a wide range of operating conditions to explore system performance, and instrumentation to obtain data needed for integration and scale-up. On this basis the lab-scale units are designed to pump, heat, decompose, cool, and collect more than twice the designed-required acid flow rate. A discussion of why this design was chosen is given next.
Component Design Considerations
The process starts with dilute sulfuric acid that is heated to boil off water and concentrate the solution to 90 mol%. The concentrated acid is then vaporized in a boiler. The boiler consists of a vertical 7.62-cm diameter Hastelloy C-276 pipe. Other acid-resistant piping materials such as high silicon iron may also be tried for the boiler. It is during the phase change from liquid acid to vapor in the boiler that sulfuric acid is most corrosive. Therefore, to minimize wall corrosion, the acid is pumped into the middle of a packed bed of acid-resistant ceramic pellets. This ceramic is an aluminum silicate, commercially available as Denstone-57. The bottom of the boiler is screened to retain the ceramic packing, and tapered to join the superheater.
The boiler is heated externally with commercially available electric heaters that control the exit temperature to the range 350 -425 °C. All the heaters are rated to 1200 °C, which is more than adequate for all parts of the experiment. From Table 4 .4 we see that 219 W are needed for the boiler to vaporize acid at 300 K and heat the vapor to 700 K. The heat losses can be estimated for steady conduction across an insulated outer layer of glass wool, which has a thermal conductivity of 0.05 W/(m K) and an outer diameter twice that of the boiler pipe. The maximum heat loss is when the outer boundary of the insulation is maintained at 300 K, and the inner pipe is at 700 K. The heat loss by conduction through the insulation is given by
where k is the insulation thermal conductivity, L is the length, ∆T is the temperature difference across the insulation, and D outer and D inner are the outer and inner diameters of the insulation, respectively. For a 400 K temperature difference and a pipe length of 75 cm, the heat loss is 136 W. Thus the total heat requirement for the boiler is 219 + 136 = 355 W. A capacity design factor of 100% is used and thus the electric heaters must supply at least 660 W. As can be seen from Table 4 .3, the electric heater for the boiler can supply 2500 W, and therefore easily satisfies the needed power requirement.
The superheater section consists of a coiled 152-cm long 0.95-cm diameter Hastelloy C-276 coil inside a 46-cm long electric furnace. From Table 4 .4 we see that 43 W are needed to raise the vapor temperature from 700 K to 1000 K, and an additional 109 W are needed to decompose H 2 SO 4 vapor into SO 3 and H 2 O at 1000 K. With a temperature difference of 1000 -300 = 700 K, the estimated heat loss is 181 W along the 57 cm length. Thus 333 W are needed for the superheater or 666 W when a 100% design factor is included. The electric heater for the superheater can supply 2500 W and thus satisfies the needed power capacity for the superheater.
The SO 3 and H 2 O vapors flow from the superheater to the decomposer. The decomposer is a 2.54-cm diameter 92-cm long Incoloy 800H pipe, packed with a 1% platinum catalyst on a zirconia support. The catalyst is in the form of 2-3 mm size pellets, and was found to be effective at temperatures of 740 °C and higher (G. A. Technologies, 1985 ; O'keefe et al., 1980). From Table 4 .4 we see that a minimum of 526 W are needed to decompose SO 3 into SO 2 and ½O 2 . If a 100% design factor is included, then 1052 W are needed, and the 2500 W electric heater for the decomposer satisfies the design requirement. 
Experiment Description
Based on the design analysis, the first version of the apparatus was fabricated and assembled. This current configuration consists of two sections, the heating and cooling sections. These two sections are contained in adjacent fume hoods are shown in Figure 4 
Figure 4.1. Sulfuric acid heating and cooling sections in the left and right fume hoods, respectively
Heating Section
The heating section consists of three basic units; a boiler, a superheater, and a catalytic decomposer. These three units are shown in Figure 4 .2 without the electric clamshell heaters and insulation that surround the units in the left fume hood in Figure 4 .1. Each unit has flange ends such that the units may be separated for inspection and easily replaced. The flanges are ground smooth and gold O-rings are compressed between the smoothed joints to create a tight seal that is corrosion resistant. The characteristics of each unit are given in Table 4 .5. Three K-type thermocouples are attached to the outside of each unit, and one of which is used to control the heater for the unit. All temperature readings are recorded automatically by a personal computer. Concentrated liquid acid is pumped into the top of the boiler. The boiler is a 7.6 cm-diameter 75-cm long Hastelloy C276 pipe packed with 6-mm Denstone pellets. The acid is pumped through a 3-mm diameter Hastelloy tube into the cylindrical center and at about 2.54-cm of depth into the packed bed. Denstone is an aluminum silicate that is resistant to thermal stress cracking and attack by sulfuric acid. Sulfuric acid is most corrosive when undergoing a phase change from liquid to gas, and would corrode the pipe walls. Therefore the boiler is designed is to have the liquid acid disperse as it falls through the bed, and vaporize before reaching the boiler walls. The boiling point of sulfuric acid is 337 C, and the boiler is designed to heat the fluid to 350-400 C. Thus, all the acid solution should be vaporized upon exiting the bottom part of the boiler. The decomposer is a 92-cm long, 2.54-inch diameter Incoloy 800H pipe packed with catalyst. Several catalysts will be tested, but the initial catalyst is 1 wt% platinum on a zirconia support. The initial BET surface area of this catalyst is 65 m 2 /gram and the sphere diameter is nominally 2 mm. The amount of catalyst will also vary in the experiments, but the initial amount for the Pt catalyst is 0.5 kg. The initial operating temperature is 825-850 C, but this will vary in the experiments.
Cooling Section
The cooling section is shown in the right fume hood in Figure 4 .1, and is given schematically in Figure 4 .2. The undecomposed acid vapor and decomposition products from the right fume hood are passed through a coiled Incoloy 880H tube that is inside a chilled-water bath. The bath temperature is maintained at about 5 C with the chiller on a moveable stand shown in the front of both hoods in Figure 4 .1. As shown in Figure 4 .2, the cooled gases and liquid pass through a flow switch that sounds an alarm and shuts off the heaters if the flow rate drops below 2 ml/minute. This is a safety feature in case there is a clog or leak in the system. The gases and liquid separate by gravity. The electrical conductivity of the liquid is measured in real-time as it flows through the conductivity cell. The liquid is collected for posttest analysis. In the gas stream, the oxygen concentration is measured in real-time as the gases flow past an oxygen probe. The gas valve is open during the experiments, but closed when liquid line is purged with nitrogen. Thermistors are used to monitor temperature on both the liquid and gas collection parts of the cooling section. A gas flow meter is will be installed as indicated in the 
Instrumentation and Analysis
To obtain quantitative data on the process, both physical and chemical measurements need to be performed on a highly corrosive hot fluid. Not all the measurements can be performed under such harsh conditions, but through a combination of measurements, the data needed for analysis can be obtained. The instrumentation to make these measurements is given in 
Gas flow meter
Thermocouples provide real-time stream measurements are also used as control parameters for the heaters. Integral measurements of decomposition are available by measuring the mass and density of the starting acid and collected liquid. (For these mass and density measurements, a correction for the starting 4% water concentration will be included.) The difference in mass between the starting acid and collected liquid is equal to the mass of SO 2 and O 2 released in the experiment. From this mass difference, the mass of acid converted can be determined, and thus this is one measurement of the conversion. A second method is to measure the mass flow rate of SO 2 and O 2 , and then integrate over time to determine the mass of gaseous decomposition products and hence also the conversion fraction of acid.
In addition to integral measurements, real-time measurement of the oxygen concentration in the headspace of the small-volume flow cell provides a direct measurement of decomposition.
Because the system is initially purged with nitrogen, and the inside of the flow cell is isolated from the environment, oxygen detected in the flow cell should be due only to acid decomposition. This easy to perform chemical measurement does not require sampling or consume chemicals. The supplier has indicated that the fiber optic probe works with an adsorbent at the tip of the probe, which changes the pattern of the reflected light sent down the probe. The probe and absorbent are reported to be acid-resistant, but are designed to operate at room temperature. In addition, the liquid effluent electrical conductivity provides an indirect measurement of acid decomposition and is planned for the initial tests.
The instruments described above can not operate at the high temperatures of the experiment. However, optical measurements such as Fourier Transform Infrared (FTIR) spectroscopy has the potential to provide in-situ H 2 O, SO 2 , and SO 3 concentration data, even at the highest temperature of 850 °C. Therefore, an optical cell to perform such in-situ measurements is being developed and the first prototype is shown below in Figure 4 
Interfacing to the Bunsen Reactor
In the current design, the Bunsen reactor requires the removal of oxygen from the returning sulfur dioxide stream. This new design can be accommodated in one of two ways. For the short term, the undecomposed acid and water can be collected as a liquid by cooling the effluent to 90 C. At this temperature the SO 2 solubility is small, and the oxygen solubility is negligible. This gaseous stream can then be cooled to about -40 C. Because the boiling and freezing points of SO 2 are -10 C, and -76 C, respectively, the SO 2 is condensed from the stream and can then be reheated to pass SO 2 to the Bunsen reactor without oxygen. In the long term, a more efficient solution is to separate the O 2 from SO 2 using membranes. Under a separate program acid resistant membranes for this separation are being developed.
The acid from the Bunsen reactor will be nominally 20 mol% at 120 C. This is to be concentrated to 55 or 90 mol%. Engineering materials are available from the sulfuric acid
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Detector Mirror industry at this concentration and temperature. Therefore, concentrator design is not a key technical issue addressed in this work, but a concentrator will be included later.
Lab-Scale Sulfuric Acid Section Layout
The sulfuric acid section layout (i.e. Section II), shown in Figure 4 .5 is based on current lab-scale design discussed previously. This section couples to the Bunsen section through the interface blocks such that the inputs to Section I correspond exactly to the outputs from Sections II. (The details of lab-scale Sections I and III are given in other reports.) The three Laboratories (CEA, GA, and SNL) have agreed how the Sections are to be interfaced in terms of component flows, temperature, pressure, and fluid phase. Therefore, the Sections can be developed and tested within each Laboratory without affecting the development or testing of the other Laboratories. After the three Sections have been tested, we plan to integrate the lab-scale equipment from the three Sections into one fully functional S-I system.
Figure 4.5. Lab-Scale Drawing of Section II, Sulfuric Acid Decomposer Summary
A modular design of a sulfuric acid vaporizer and decomposer apparatus was developed using engineering materials that could potentially be used in a pilot plant. This design allows for simple substitution of new processing units without disrupting the remaining units. Thus corrosion resistance and performance can be readily evaluated for each unit. The apparatus is fully instrumented to provide real time measurements of acid conversion. This will enable us to focus on the key technical issues, in particular the sensitivity of performance to variations in the feed stream and the operating parameters. Testing of the apparatus has begun using water.
As the design of the three section of the S-I thermochemical system are proceeding in parallel, many of the concerns surround interface issues. The concentration of iodine in the sulfuric acid return is not known with high accuracy. The current test program has been constructed to determine the sensitivity of the sulfuric acid concentration and decomposition system to this contaminant. If the concentration of iodine in the sulfuric acid return is problematic, then this issue will be addressed from a systems perspective to determine the most effective resolution. The current decomposer design depends heavily on the performance of the materials and the effectiveness of the dry wall boiler concept in keeping liquids away from the metal surfaces. This performance must be verified by systems level testing. The design and/or materials selection must then be modified as necessary to address any deficiencies.
It is unlikely that corrosion issues can be completely mitigated in the severe environments posed by the S-I thermochemical cycle. Therefore, some corrosion products will enter the process stream and accumulate at various points in the system. The sulfuric acid vaporizer is a likely point where some of these corrosion products will accumulate. The project must develop a strategy for managing these corrosion products within the system and ensuring that they do not have significant adverse affects on system performance.
Task 5: Flow sheet and Economic Assessment (S. Goldstein -Commissariat à l'Energie Atomique, L. Brown -General Atomics)
Objective Perform full-scale system flowsheet analysis and estimate the overall economics of the S-I cycle.
Status
The status of the flowsheets for all sections is given in Table 5 .1 As a result of flowsheet analysis, the CEA reactive distillation flowsheet has been selected by SNL, CEA and GA as the baseline design for Section III, HI decomposition. The Roth and Knoche reactive distillation scheme and the HBr alternative have been removed from current consideration. The phosphoric acid option remains a viable backup. For Section II, the sulfuric acid decomposition, the Öztürk version has been selected. In this flowsheet, higher efficiency is obtained by using direct contact heat exchange.
Reactive Distillation Alternatives Roth and Knoche Flowsheet
GA has based recent S-I cycle flowsheets on the design by Roth and Knocke. They devised a column in which a large side stream of water is removed at a stage just above the feed stage. The intent was to reduce the amount of energy required by the column to evaporate the water. However, detailed analysis of the flowsheet revealed difficulties in putting concept into practice. In principle, the side draw reduces the amount of water in the column, but a consequence is a high recycle of HI x back to Section I. Five of every six moles of HI delivered to the column are returned unreacted to Section I.
A rigorous simulation of the column shows that the side draw concept does not reduce the energy required to run the column. One difficulty is that a high reflux ratio is required to satisfy the substantial liquid side draw above the feed stage. The energy required for the large internal flows within the column is essentially equivalent to a column design without a side draw. Based on these observations, this option has been dropped from consideration at this time.
CEA Flowsheet
At CEA there has been a review of the work by Roth and Knoche, and this analysis suggested that there could be room for improvement in the design. Staff at CEA has been modeling the process using ProSim, software from a French company that is comparable to Aspen Plus. CEA worked closely with ProSim to specifically incorporate the Neumann model [6] for HI x vaporliquid equilibria directly into the ProSim source code. This differs from the work at GA using Aspen Plus, where it is necessary to enter binary coefficient data manually for use in the standard Non-Random Two Liquid -Electrolyte (NRTL-ELEC) equation of state provided in the Aspen Plus software package. A staff member at CEA, Dr. Jean-Marc Borgard, visited GA in March, 2004 to embark on a joint effort to do a detailed parametric study for optimization of the column, using both Aspen Plus and ProSim.
One result of this work has been a new design that significantly reduces recycles of HI back to the Bunsen reaction. Only one of every two moles of HI delivered to the distillation column is returned to Section I unreacted. The thermodynamic efficiency of the S-I flowsheet using this configuration for Section III is approximately 39%. This is slightly lower than that predicted for the Roth and Knoche version (42%), but this design is more physically realizable and more accurately reflects the cost of water evaporation. As a result, the CEA reactive distillation flowsheet has been selected by SNL, CEA and GA as the baseline design for Section III, HI decomposition.
A second outcome of the collaboration was that some convergence difficulties in the Aspen Plus model were resolved. A side-by-side comparison of the ProSim and Aspen Plus models allowed differences in the models to be shown more readily and conflicts mitigated. An Aspen Plus flowsheet has been developed during the course of this work that models the 15-stage laboratoryscale HI reactive distillation column at GA. The model and experimental apparatus are sized such that 100 λ of hydrogen per hour is produced. Experimental data collected will be compared to the model. The experiments will be conducted at GA in the fourth quarter of FY04.
Extractive Distillation Alternatives Hydrogen Bromide Flowsheet
In this process, a stream containing HI, iodine, and water from the Bunsen reaction is contacted with a stream of HBr counter-currently. The result is an extract rich in HI and iodine. The raffinate contains water and most of the HBr. The HI rich stream is first processed in a column to drop the heavy iodine, then the vapor product is sent to a multi-stage column to separate the HI and HBr. The resultant HI is sent to the decomposition section to generate hydrogen. Several difficulties arose during the evaluation of the HBr process. First, a paucity of data for the HBr-HI-I 2 -H 2 O system exists. The extraction of HI using HBR had to be simulated using GA generated data for the system HI-HBr-H 2 O. Aspen Plus thermodynamic data for the quaternary system failed to give a separation into a water rich phase and a HI rich phase. After preliminary calculations using an Excel spreadsheet, Aspen Plus simulations were made with user input for the partition coefficients for the HI-HBr-H 2 O system. The iodine content of the proposed process is predicted to be much higher than what is available from the experimental data by GA. The phase equilibria for this quaternary system would have to be studied much further to generate more confidence in the results of the extraction simulation.
Another hurdle lays in the separation of the water from the HBr prior to the concentrated HBr stream being recycled back for extraction with the HI x stream. The modeling difficulties and the high cost of this option do not warrant active consideration at this time.
Phosphoric Acid Flowsheet
The phosphoric acid process has been fully described in General Atomics Report GA-A16173 (May 1982) [1] . The main emphasis is that phosphoric acid is used to extract water in a similar method to the HBr process and that this results in a stream rich in HI which is then decomposed into hydrogen.
GA recently completed a review and update of the 1982 flowsheet. Advances in heat exchanger technology allowed for a more efficient design, significantly reducing the capital cost. In addition, a new configuration for the sulfuric acid section, based on a model by Ozturk [3] , was integrated into the revised phosphoric acid flowsheet. Theoretical thermal efficiency could be as high as 48% if waste heat from power generation steps could be used for process heat input.
The grass roots capital for a phosphoric acid facility was estimated as 816 $M (2002 dollars, plus or minus 30%). The cost depends on the procurement of compact heat exchangers in the phosphoric acid concentration step, as well as the availability of large capacity water vapor compressors. Capital and operating expenses result in a cost of hydrogen of 1.74 $/Kg. This option is being actively pursued as a viable alternative to the baseline reactive distillation flowsheet.
Alternative Sulfuric Acid Flowsheets Background and Analysis
The sulfuric acid concentration and decomposition flowsheet has undergone numerous revisions over the years since the sulfur-iodine thermochemical hydrogen cycle was first proposed. The first flow sheets emphasized high efficiency and, this being before the introduction of sophisticated process simulators capable of modeling highly non-ideal thermodynamic systems, were designed using components amenable to hand calculation. Later flowsheets, still based on hand calculations, changed the emphasis toward lower capital cost, while still endeavoring to maintain high efficiency. Finally, the tools were developed to permit computer simulation of sulfuric acid concentration and decomposition and we are able to fully model and optimize the process. Subsequent flowsheets ( Fig. 5.2) , culminating in the NERI flowsheet [2] , tended away from costly vapor compression systems and toward simpler heat integration systems. There is no heat transfer between the different sections of the process, and the heat integration within the sulfuric acid section is greatly simplified. The major heat integration is between the common condenser of the initial isobaric flashes and the bottoms of the distillation column used for final acid concentration. Implementation of this heat integration required that the initial flashes operate at high pressure and the distillation column operate at subatmospheric pressures.
The final flowsheet ( Fig. 5.3 ) considered is based on direct contact heat exchange, as proposed by Öztürk [3] . This flowsheet has a significantly higher efficiency than other flowsheets. The key to the higher efficiency is direct contact heat exchange. The final concentration step of the direct contact flowsheet is a countercurrent stripper in which the decomposer product is contacted with pre-concentrated sulfuric acid. Water is evaporated from the sulfuric acid by two mechanisms: water is vaporized by heat transferred from the hot gases and the heat of SO 3 adsorption vaporizes additional water.
The optimum use of heat in this system requires that the heat duty for vaporization and decomposition be split between heat recovered from the decomposition products and prime heat from the intermediate helium loop. Figure 5 .4 is a temperature-enthalpy (T-H) diagram of the vaporization and decomposition system that shows how these two heat sources are integrated. The heat required to vaporize the sulfuric acid is shown by the blue curve. The vaporizer is split into two pieces of equipment in series. The first vaporizer uses recovered heat to vaporize a portion of the sulfuric acid in a counter flow heat exchanger. The vaporization is completed in a Pool Boiler that is heated by both recovered heat and prime heat. It is necessary to complete the vaporization in a pool boiler as any mineral impurities that enter the process with the feed water and any soluble corrosion products, from the entire cycle, will form solid deposits upon vaporization of the sulfuric acid. A pool boiler promotes the deposition of solids as sludge whereas a flow-through vaporizer promotes the deposition of solids on the heat exchange surface. A pool boiler cannot be used alone as a pool boiler operates at the maximum system boiling point, which if used alone, would reduce the amount of heat that can be recovered from the decomposition products.
Two different vapor heat curves are shown on the T-H diagram. The brown curve is the T-H curve for sulfuric acid decomposition in the absence of catalyst. Along this curve sulfuric acid decomposes to sulfur trioxide and water. The magenta curve includes the equilibrium decomposition of sulfur trioxide continuing on to sulfur dioxide and water. This reaction is very slow in the absence of catalyst and even a catalyst may be ineffective if the temperature is too low. The purple curve indicates the use of a platinum catalyst at 750 o C. The actual process trajectory, on the T-H diagram, will follow the non-catalytic curve up to the temperature where the stream enters the catalytic reactor. The process trajectory will transition over to the catalytic curve and follow this curve up to the maximum process temperature. Upon exiting the catalytic reactor, heat can be recovered from the decomposition products without losing products due to back reactions.
The process heat demand curve in the T-H diagram summarizes the total process heat requirements and the temperature at which the heat is required. This curve monotonically increases from left to right on the diagram as follows: sulfuric acid vaporizes at ever increasing temperature while flowing, in two phase flow, through a heat exchanger (blue curve) until it enters a pool vaporizer; the pool vaporizer operates at constant temperature (black curve); the vapor stream is heated (brown curve), decomposing the H 2 SO 4 to SO 3 and H 2 O; after the temperature is sufficient, the stream enters the catalytic reactors (purple and solid magenta curves) where SO 3 is converted to SO 2 and O 2 .
Heat is transferred to the vaporizer and decomposer from both intermediate loop helium and recuperated process heat. The primary heat from the intermediate loop helium is indicated by the dark green curve (solid and dashed) on the right side of Fig. 6 .4 and the recuperated heat by the curve (solid and dashed) on the left side. Since heat can only be transferred from higher temperature to lower temperature, the heat delivery curve must always lie above the heat demand curve described above. As can be seen, there is a pinch point between the helium heat source and the demand curve at the entrance of the catalytic reactor. The pinch point can be eliminated if both helium and recovered heat are used to heat the pool boiler, non-catalytic reactor and the first catalytic reactor. The integrated heat source curve is then the solid portions of the dark green curve and the light green curve representing the region where both heat sources are used. Alternatively, the slope of the helium source curve can be decreased if the low temperature helium is used by the hydrogen iodide decomposition section of the process, but this may lead to interactions between sections that will detrimentally affect process control.
We have investigated the efficiency of the direct contact flowsheet as the decomposer temperature and pressure are changed with the hope of achieving higher efficiencies at higher temperature and pressure. This does not seem to be the case, at least without modifications to the sections upstream of the absorber. All sulfuric acid that enters the absorber is decomposed, independent of the decomposer conditions, as long as the temperature is high enough for the catalyst to be effective, thus the heat requirement for the vaporizer/decomposer section is insensitive to the actual temperature and pressure.
Flowsheet Selection
We have chosen the direct contact sulfuric acid flowsheet as the basis for our continuing work as it is likely to provide the lowest cost hydrogen. When substituted for the NERI sulfuric acid flowsheet, the result is a 4% incremental increase in efficiency or, all else being equal, a 9% decrease in hydrogen cost. The capital cost has not been calculated for the direct contact flowsheet, but arguably, it will be less. Use of the absorber/stripper for much of the heat exchange eliminates considerable expense and the use of a pressurized column instead of a vacuum column reduces the equipment size considerably. One area of capital cost concern with the direct contact flowsheet, as originally conceived by Öztürk is the vapor compressor. The vapor compressor can be eliminated with some efficiency penalty. We will seek a means of eliminating the compressor while minimizing any loss of efficiency. First results indicate it could be effectively done with little efficiency loss.
Choice of the direct contact flowsheet will have little impact on operation of the integrated flow loop experiment. There had been no intent that the flow loop includes those components needed only for efficiency but not for process chemistry. We did not intend to include heat transfer from a pressurized concentrator condenser to the bottoms of a vacuum still and certainly will not now include a vapor compressor. The one area of change is that the direct contact flowsheet results in higher water content in the feed to the decomposer. The experimental program will be modified to include the sulfuric acid concentration range of the direct contact flowsheet as feed to the vaporizer and decomposer. 
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